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NOTICES 

I '  

! , .  

This report was prepared a s  an account of Government sponsored 
work. Neither the United States,  nor the National Aeronautics 
and Space Administration (NASA), nor any person acting on behalf 
of NASA: 

A . )  Makes any warranty o r  representation, expressed o r  
implied, with respect  to  the accuracy,  completeness , 
or  usefulness of the information contained in this 
repor t ,  o r  that the use  of any information, apparatus ,  
method, o r  process  disclosed in this  report  may not 
infringe privately owned rights; o r  

B . )  Assumes any l iabil i t ies with respect  to the use  of, o r  
for damages resulting f rom the use  of any information, 
apparatus,  method o r  process  disclosed in this report .  

As used above , "per son acting on behalf of NASA" includes any 
employee o r  contractor of NASA, o r  employee of such contractor,  
to the extent that such employee o r  contractor of NASA, o r  
employee of such contractor prepares  , disseminates ,  o r  provides 
access  to,  any information pursuant to his employment o r  contract 
with NASA , o r  his  employment with such contractor.  

Requests for copies of this report  should be r e fe r r ed  to 

National Aeronautics and Space Administration 
Office of Scientific and Technical Information 
Attention: AFSS-A 
Washington, D. C. 20546 
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INTRODUCTION 

I 

An evaluation of commercially available vapor-deposited tungsten 
tubing was initiated during April ,  1964. 
study that General  Atomic is making on the development of vapor-deposited 
tungsten. The tes t s  performed on 17 tubes included analyses f o r  impurity 
content, res is tance to grain growth during various'heat t rea tments ,  hard-  
n e s s  measurements ,  and ductile-to-brittle transit ion temperature.  
significant portion of this report  is a s e r i e s  of photomicrogqaphs' of the 
tubing before and a f t e r  four heat t reatments  ( F i g s .  1 through 17).- 

This  is par t  of the continuing 

A 

rlr 

MATERIALS RECEIVED 

An invitation was sent to fourteen organizations to  supply tubing for 
A copy of the le t te r  evaluation, and eight responded by sending material. 

of invitation is given in Appendix A. 

Seventeen tubes were  received f rom the eight organizations. They 

The dimensions and weight of each 
ranged f rom 1/4  to 112 in. in diameter,  f rom 2 t o  8 in. in length, and f rom 
0.010 to 0.045 in. in wall thickness. 
tube a r e  l isted in Table 1. 

The methods of forming varied greatly ( s e e  Table 2). Nine tubes 
were  vapor-deposited, seven were extruded, and one was electrodeposited. 
One vapor-deposited tube was deposited by hydrogen reduction of the chloride,  
one was deposited f rom WFg that had been converted f r o m  wc16 (Tube 17). 
and the remainder of the tubes were deposited by hydrogen reduction of the 
fluoride; the electrodeposited tube was deposited from a fused salt bath. 

EVALUATION PROCEDURE 

All tubes were  weighed, measured, and photographed as-received. 
Samples of each tube submitted were analyzed for impurity content, and an  
as-received microstructure  and hardness determination was made. Addi- 
tional pieces were cut andeach w a s  subjected to one of four heat treatments: 
1800°C for 100 hr ,  2000°C f o r  15 h r ,  2200OC for  15 hr ,  and 250OoC for 1 hr .  
This procedure w a s  ca r r i ed  out on the f i r s t  sixteen tubes at one time; 
Tube 17  w a s  evaluated la ter .  A number of 
f rom each tube and compressed at various 

rings ( 3 / 1 6  in. wide) w e r e  cut 
temperatures  i n  an Instron 

~~~ 

.I. I. 

All figures a r e  placed a t  the end of the report .  

1 
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Table 1 

AS-RECEIVED DIMENSIONS OF TUNGSTEN TUBES 

GA Tube 
No. 

1 
2 
3 
4 
5 
6 
7 

9 
10 
11 
12 
13 
14 
15 
16 
17 

a 

Mfgr. 
Code 

A 
A 
B 
C 
D 
D 
E 
E 
F 
F 
F 
F 
F 
F 
F 
G 
H 

Dimensions (in. ) 

Length 

5. 65 
5. 85  
2.02 
5.35 
5.95 
6. 00 
6. 15 
7. 80 
3. 52 
3 .47  
3. 56 
3. 52 
6. 00 
5.97 
5. 92 
6. 03 
4.00 

OD 

0.377 
0.377 
0.400 
0.271 
0. 378 
0.378 
0.420 
0.402 
0.470 
0.450 
0. 500 
0.495 
0.375 
0.375 
0.375 
0 .375  
0.350 

Va l1  Thickness 

0.015 
0.015 
0.007-0.015 
0.030-0. 045 
0.015 
0.015 
0.025 
0.016 
0. 040 
0 .  040 
0 .045  
0.045 
0.045 
0.045 
0.045 
0 .015  
0.014-0. 022 

Weight 
(g) 

26 
29 

9 
46 
30 
32 
51 
51 
50 
42 
71 
68 
89 
88 
89 
32 
30 

~ _. 

NOTE: Dimensions and weights a r e  those de te r -  
mined by General Atomic. 
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testing machine to  determine the ductile-to-brittle transit ion temperature.  
The outside of a l l  tubes was electropolished in a sodium-hydroxide bath 
to  achieve a smooth finish before compression testing. 
testing was done in an air atmosphere. 

The compression 

Table 2 

FORMING-METHOD VARIABLES 

Tube 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
1 3 s  

1 4 s  

1 5 s  

16 
17 

Mfgr . 
Code 

A 
A 
B 
C 
D 
D 
E 
E 
F 
F 
F 
F 
F 

F 

F 

G 
H 

Forming Method 

Vapor - deposited 
Vapor -depos ited 
Electrodeposited 
Vapor - deposit ed 
Vapor-deposited 
Vapor - deposited 
Vapor -deposited 
Vapor - deposited 
Extruded a t  180OoC 
Extruded a t  l8OO0C 
Extruded a t  1 2OO0C 
Extruded a t  1 2OO0C 
Extruded, 6 to 

12 in. , a t  1 2 0 0 ~ ~  
Extruded, 12 to  

18 in . ,  a t  1200°C 
Extruded, 18 to 

24 i n . ,  a t  12OOOC 
Vapor-deposited 
Vapor - deposited 

I Layers  

&Tubes 13 
extruded at 1200 C; Tube 13 is the 6 to 12 in. section f rom the 
lead end, and 14 and 15 a r e  subsequent 6 in. sections. 

14, and 15 a r e  three sections of one tube b 

The only exceptions to  the above procedure were  Tube No. 3, which 
had to  be compression-tested before the impurity analysis was  run, and 
Tube No.  17, which was received too late t o  determine the ductile-to-brittle 
transit ion temperature.  
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A 
A 
B 
C 
D 
D 
E 
E 
F 
F 
F 
F 

F ( 6  to 12 in . )  
F (12 to 18 in . )  
F (18 to 24 in . )  

G 
H 

4 

RESULTS 

29.3 
46  
13 
26 
44.4 
35 
9 
4 
3 
4 
4 

3 

22 (C12) 
18 

The gas  impurity content, carbon content, and fluorine content a r e  
l is ted in Table 3 .  
spectrography is l isted in Table 4. 
the analytical methods used in these determinations. 

The metallic impurity content determined by emission 
Appendix B is a brief description of 

5.7-6 .5  

6. 1 
23, 22 

Table 3 

20, 15 8, 9 

5, 8 12, 20 
<1, 1 4, 8 

FLUORINE, CARBON, NITROGEN, OXYGEN, AND HYDROGEN 
CONTENT O F  TUNGSTEN TUBING 

(In PPm) 

Tube 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

b 12-  
13 

b 14- 
b 15-  

16 
17 

Mfgr. 
Code I F2 C 

7 .7 -6 .7  
12.5- 10 .0  

6.7 
6. 1 -7 .3  
6 .6 -6 .5  
6 . 4 - 6 . 0  
6.2-6.5 
11.0- 11.6 
7 .9  
6 . 7 - 7 . 6  

- - - - -  

N2 I O2  
I 

10, 7 
9, 10 
8 ,  7 
2, 5 
3, 6 
1, 2 
5,  5 
5 ,  3 
11, 10 

~ 2 ::: 

10, 16 
8,  7 
105, 1 1 6 2  
3 ,  6 
32, 37 
7 ,  10 
6 ,  7 
12, 11 
22, 20 
6, 7 
6 ,  19 

H2 

3, 7 
3 ,  3 
6 ,  6 
2, 3 
4, 4 
4, 4 
3 ,  3 
4, 4 
4, 4 
2, 2 
2, 2 

3, 3 

2,  3 
10, 5 

&There was a n  oxide film on the inside of the tube. 
b -Samples 12, 14, and 15 were not submitted for analysis.  

The microstructures  of all tubes before and af ter  heat t reatments  
a r e  i l lustrated in Figs.  1 through 17. 
on these samples a r e  l isted in Table 5 and shown in Fig.  18. The ductile- 
to-brit t le transition temperatures  a r e  l is ted in Table 6. 

The hardness  measurements  made 

The data a r e  interpreted under "Discussion of Resul ts ,  I '  below. 
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. 

3 (6 to 12 in.) 

- 
Tube 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

- 

1 2  

Mg 

0. 5 
0. 5 
<O. 5 
1 
<O. 5 
0. 5 
0. 5 
0. 5 
0 .5  
<O. 5 
<o. 5 

0 .5  

1 
<o. 5 

I 

I 
5 

Mn 

N<O. 5 
N<O. 5 
N<O. 5 
1 
N<O. 5 
N<O. 5 
N<O. 5 
N<O. 5 
0 .5  
N<O. 5 
1 

N<O.5 

N<O. 5 
1 

Table 4 

METALLIC IMPURITY CONTENT O F  TUNGSTEN TUBING 
(In PP") 

S i  

<2 
<2 

6 
<2 
2 
<2 
2 
8 
<2 
<2 

2 

2 

10 
8 

Mfgr. 
Code T i  

N<6 
N<6 

N<6 
N<6 
N<6 
N<6 
N<6 
N<6 
N<6 
N<6 

N<6 

N<6 

N<6 
<6 

A 
A 
B 
C 
D 
D 
E 
E 
F 
F 
F 
F 

- 
Al 

<1 
N<l 
4 
<1 
<1 
6 
2 
1 
4 
3 
2 

1 

2 
2 - 

cu 
N<O. !2 
<o. 5 
500 
1 
co. 5 
co. 5 
N<O. 5 
N<O. 5 
1 
Y<O. 5 
co. 5 

(0.5 

to. 5 
<o. 5 

- 
Fe 

<1 
<1 
2 
20 
1 
101 
<1 
<1 
20 
80 
60 

10 

- 

10 
5 - 

Mo 

N<1 00 
N<lOO 
800 
N<lOO 
N<1 00 
N<lOO 
N<1 00 
N<lOO 
N<1 00 
N<lOO 
100 

200 

N<1 00 
N<100 

- 
Ni  

1 
<1 
200 
4 
<1 
4 
N<1 
<1 
2 
200 
10 

8 

<1 
200 

NOTE: 
the samples.  

aN = Not detected. 
b -Samples  12, 14, and 15 were not submitted for  analysis.  

Elements not l isted above were  not detected in any of 
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Table 5 

MICROHARDNESS O F  AS-RECEIVED TUNGSTEN TUBING 

Tube 
No.  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

14 
15 
16 
17 

Mfgr. ' 

Code 

A 
A 
B 
C 
D 
D 
E 
E 
F 
F 
F 
F 

6 in. 
12  in. 

F ( 1 8  in . )  
F (24 in . )  

G 
H 

F 

Har  dne s 
. .  

High 

385 
394 
37 6 
344 
35 1 
3 94 
308 
368 
308 
315 
404 
344 

376 
344 
344 
308 
315 
359 

Low 

359 
368 
35 1 
290 
302 
3 29 
262 
359 
296 
302 
385 
315 

27 8 
290 
290 
257 
284 
290 

(15 g )  

Average 

374 
384 
367 
310 
316 
364 
28 3 
363 
303 
306 
394 
3 28 

316 
3 20 
3 24 
277 
299 
335 

--. - 

- __ _ _  -- . - __ 
Hardness (100 g )  

High 

370 
40 1 
397 
425 
47 3 
4 20 
3 97 
409 
373 
405 
454 
40 1 

40 1 
483 
4 29 
519 
37 3 
363 

Low 

363 
37 6 
348 
40 1 
44 1 
3 94 
357 
397 
3 36 
3 94 
44 1 
38 3 

38 3 
450 
40 1 
488 
348 
306 

Average 

366 
389 
368 
416 
454 
409 
37 3 
405 
360 

446 
389 

395 
466 
4 14 
502 
358 
342 

398 

NOTE: The values l is ted are  Diamond Pyramid  Hardness  
determined under both a 15-g load and a 100-g load on t ransverse  
sections;  five determinations were made at each load. 

DISCUSSION OF RESULTS 

Chemical Impurity Content 

The fluorine content of extruded tubing was in the range of 3 to 4 ppm 

The fluorine content of tubing made by the vapor-deposition of W F  6 
and was probably in the tungsten powder used to fabricate the extrusion 
blank. 
was in the range 15 to 40 ppm, with the exception of tubing from manu- 
fac turer  E, which contained 4 and 9 ppm. These la t ter  values a r e  just  
slightly higher than those fo r  the extruded tubing and indicate little o r  
no pickup of fluorine during the vapor-deposition process .  

Most of the carbon contents were 4 to  7 ppm with the following 
exceptions: Tube 17  contained 22 ppm, Tube 9 contained 11 ppm, and 
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Tube 2 contained 12 ppm. 
22 pprn for a l l  tubes, except Tube 3,  which contained 110 ppm, and Tube 5, 
which contained 35 ppm. 
was the thin film of brown oxide on the inside of the tube, which was  noticed 
during the transition-temperature heating of the specimen. A second 
specimen, f rom which this film was cleaned, was analyzed for metallic 
impurit ies (the silicon content dropped from 20 to 2 ppm), but sufficient 
sample w a s  not available for reanalysis of the oxygencontent. 

Values for oxygen content ranged from 3 to 

The probable cause for the high value in Tube 3 

The probable reason for the high oxygen content of Tube 5 was that 
deposition was  purposely interrupted six t imes,  and each boundary can 
readily become the s i te  for gaseous impurities ( see  Fig.  5). 

Values for hydrogen parallel those for oxygen; most were 2 to 4 ppm, 
Tube 3 contained 6 ppm, and Tube 17 contained 5 and 

Values for nitrogen were determined by the difference method, 
with two exceptions: 
10 ppm. 
and values ran f rom 1 to 20 ppm, with no evident correlation to other gases.  

Thirty-three metallic elements were sought by analysis with the 
emission spectrograph. Nine metallic e lements  were  found and a r e  listed in 
Table 4. Values for these elements which a r e  significantly higher than the 
detectable l imits a r e  probably related to the mandrel  mater ia l  used during 
the deposition. 
surface of the deposit in contact with the substrate is removed by mechanical 
o r  chemical techniques, these concentrations of impurit ies can often be 
lowered. ) Tube 17 was  made on a nickel mandrel,  and the impurity analysis 
indicated 200 ppm nickel. No other manufacturer indicated the mandrel  
mater ia l  used. 

Hardness  Measurements  

(Work performed at General  Atomic has indicated that i f  the 

Microhardnes s measurements of a s -  received tubing varied with the 
tes t  load used. Tube 15, for example, had the highest hardness  value 
measured  with the 100-g load and the lowest hardness  value measured  
with the 15-g load ( see  Fig.  18 and Table 5). 
value determined with the 100-g load was  the s a m e  o r  higher than the value 
determined with the 15-g load, but there  w a s  a wide spread in many cases .  

In all cases  the hardness  

Since light loads did not penetrate as deeply into the specimens as 
the heavier loads, the boundaries of the grain that was subjected to the 
light load did not influence the penetration. 
the measured  hardness w a s  structure-sensit ive because the depth of 
penetration was affected by the grain boundaries. 

When heavier loads were  used, 

Ductile - to- brit t le Transition Temperature 

The ductile-to-brittle transition temperature  in this work is defined 
as the temperature  at  which the first  easily measurable  deformation was  
noticed. A bend in the s t ress -s t ra in  curve after initial loading indicated 
that deformation was  occurring. 
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Some of the rings that were compressed broke at  the 6 and 12 o'clock 
positions prior to any deformation, but the result ing half r ings deformed 
under l e s s  load with no increase  in t e s t  temperature .  Fa i lure  of r ings under 
the platen was noted only for tubing made on a female mandrel  o r  the thick- 
walled extruded tubing. 
concentrations existing on the inter ior  diameter  of the tubt,, which was not 
electropolished. It is felt that  the tempera ture  at which deformation can be 
obtained prior to failure a t  the 3 and 9 o 'c lock positions is  m o r e  meaningful 
data for determination of the ductile-to- brit t le transit ion and it is this 
value that is reported in Table 6. 

This phenomenon was no doubt re la ted to s t r e s s  

Table 6 

D'UCTILE- TO-BRITTLE TRANSITION TEMPERATURE 

Tube 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
b 9- 

lob 11- 
12B 

Mfgr. 
Code 

A 
A 
B 
C 
D 
D 
E 
E 
F 
F 
F 
F 

13 
1& 
15b 
16 G 

F (6  to 12 in. ) 
F (12 to 18 in.)  
F (18 to 24 in.)  

Lowest temp. at which 
any Deformation Occurred 

(OC) 

260- 325 
365- 375 
<180 
2852 
2 4 0 - 2 7 0' 
170 

14@ 
175- 200 

1 3 s  
13@ 

> 1 60a 

260-270 
a 
-These values were determinedon split r ings  that 

fractured in  a brit t le fashion at the 12 and 6 o 'c lock 
positions. Higher temperatures  were  required to obtain 
deformation without f rac ture  of the full ring. 

b S a m p l e s  9,  12, 14, and 15 were not submitted 
for this evaluation. 

A correlation w a s  made of the transit ion tempera ture  and the fluorine 
content. 
for Tubes 5 and 6. The fluorine m a y  be present  within these specimens in 
a different form, a s  evidenced, perhaps, by the significant amount of porosity 
found in these specimens a f t e r  heat t reatments  a t  2200  and 2500 C. However, 

This is indicated in Fig. 19. The curve shows little sca t te r  except 
. 

0 0 P 
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even in tnese specimens The higher of the two fluorine contents were asso-  
ciated with the higher ductile -to-brittle transition temperature. 

The ductile-to-brittle transition temperature  a s  a function of heat 
t reatment  will  be an a r e a  of interst for further study. 

The breaking strengths required to cause failure in the ring compres-  
sion t e s t s  were  in the range of 100,000 to  250,000 psi  for most  vapor- 
deposited tubing, and 250,000 psi for extruded tubing. 
16 were  noticeably weaker than the o thers ,  requiring 100,000 to  150,000 psi. 
This  was a l so  noticed qualitatively in handling these tubes. 

Tubes 1 ,  2 ,  and 

Microstructure 

Vapor-deposited tungsten generally r e s i s t s  grain growth to  a greater  
degree than does wrought material. When grain growth does occur in 
vapor-deposited tungsten during heat t reatment ,  it originates where there  
are small  randomly oriented grains,  such a s  a t  the surface of initial 
deposition, ra ther  than in the highly oriented columnar grain s t ructure .  
In this  repor t ,  the cr i ter ion for evaluating a s t ructure  is its resis tance t o  
gra in  growth. The degree of grain growth, the degree of retention of a 
columnar s t ruc ture ,  and whether o r  not the grain boundaries extend entirely 
through the wall thickness were evaluated. 

0 
All photomicrographs taken of the 2000 C heat treatment show a 

"film" on one o r  both surfaces of the piece. 
phase formed by an impurity in the furnace atmosphere during the heat 
t reatment;  however,  the grain s t ructure  appears  to  be unaffected by the 
presence of this  impurity layer.  
does not show this f i lm.  

This film i s  probably a second 

Tube 1 7 ,  which was heated separately,  

0 
Many s t ruc tures  show smaller grains af ter  the 2500 C ,  1-hr heat 

0 t reatment  than af ter  the 2200 C ,  15-hr heat treatment.  Probably because 
of the shorter  t ime ,  the higher-temperature heat treatment has not pro- 
duced a s  much energy input and the grains  a r e  still in the process  of 
growing. The microstructures  a r e  discussed in more  detail below. 

Tubes 1 and 2. These tubes f r o m  manufacturer A appeared to  be 
similar to each o ther ,  and they retained a partially columnar s t ructure  
after all heat t reatments .  Grain growth was initiated on the initial deposi- 
tion surface but did not penetrate more  than one-half of the wall thickness. 
Porosity was evident after the 2200 C heat treatment.  

0 

Tube 3. This tube was electroformed and had a randomly oriented 
s t ruc ture  in the as-received condition. 
a f te r  the f i r s t  heat treatment at 1800 C ,  and by 2000 C individual grains  
extended through the wall thickness. 

The grain growth was extensive 
0 0 
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Tube 4. There was an interruption boundary in this tube, and 
considerable grain growth occurred within the initial layer .  The material  
deposited af ter  this layer was formed remained columnar af ter  all heat 
t reatments .  
in a thicker section taken from the same tube. 

This boundary was not evident in the as-received condition 

Tubes 5 and 6 .  Each of these tubes f r o m  manufacturer D was fabri-  
cated in a different way. 
layers  very well defined in the as-received condition. 
the initial layer was ca r r i ed  in a radial  direction to the inside diameter.  
There  was evidence of gross  porosity at the boundaries of interruption 
after the heat treatments.  Grain growth occurred  within a deposition 
l aye r ,  and the columnar s t ructure  was destroyed. 
layer and the columnar s t ructure  remained af ter  all heat t rea tments ,  
although la teral  growth took place at the substrate  interface. 
was seen af ter  the 2500 C heat treatment.  

Tube 5 was seven-layered, with the interrupted 
The s t ructure  of 

Tube 6 was a single 

Some porosity 
0 

Tube 7. This tube f rom manufacturer E had the most  stable s t ructure  
of the 17 tubes evaluated. 
heat treatment.  The fine grains which were initially deposited were absorbed 
into the columnar structure.  

There  was very little grain growth after any 

Tube 8.  This tube,  a l so  f rom manufacturer E ,  was deposited inside 
a female mandrel. Extensive grain growth took place during heat t reatment ,  
and at 22OOuC the grains extended completely through the wall thickness. 
The impuritycontents of Tubes 7 and 8 were very s imi la r ,  but the s t ruc tures  
as-deposited and af ter  heat t reatment  were vastly different. Tube 7 had 
a highly oriented columnar s t ructure  as-deposited,  which was retained 
af te r  all heat treatments;  Tube 8 had a more  randomly oriented structure 
as-deposited and suffered extensive grain growth during all heat t reatments .  

Tubes 9 ,  1 0 ,  1 1 ,  and 12. These tubes were  extruded tubes. Tubes9  
Extensive and 10 were extruded a t  180OoC and Tubes 11 and 12 at 1200OC. 

grain growth of Tube 10  occurred  at  1800 C ,  whereas  Tube 9 did not 
experience massive grain growth until 2200 C. 
fine-grain structures in the as-received condition, but the grains  penetrated 
completely through the walls during the 1800 C heat t reatment .  

0 

0 Tubes 11 and 12 had very 

0 

Tubes 13, 14, and 15. These tubes were  three  6-i'n.. pieces cut f r o m  
0 one 18-in. tube extruded at  1200 C.  The only difference observed in the 

s t ructure  was that Tube 15 ( las t  portion to be extruded) showed massive 
grain growth at  a lower heat-treatment temperature  (1800 C) than Tubes 13 
and 14 ( 2000° t o  22OOOC). 

0 

Tube 16. This tube was the only one that was formed by WCl6 
deposition. There was no evidence in the as - rece ived  s t ructure  of the 
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interruption layer  which was evident after each heat treatment. Some 
evidence of columnar s t ructure  remained even after 2 5 0 0  C, although 
mass ive  grains  did extend through the wa l l  thickness. 

0 

Tube 17. This tube showed a randomly oriented s t ructure  in the 
0 as-received condition, which became more  regular after the 1800 C heat 

treatment. Massive grain growth appeared after 2 2 0 0  C, with the grains 
extending through the wal l  thickness. 

0 

CONCLUSIONS 

1. The chemical impurity content of vapor-deposited tubing f rom 
six sources  is comparable. 
start ing mate r ia ls ,  different experiment a1 conditions, and different 
personnel were  involved. 

This is surprising considering that different 

2 .  The metallic impurities a r e  at  a low level in all samples.  The 
impurit ies present a r e  related to the mandrel  material .  

3. There is a positive correlation between the residual fluorine 
content and the ductile - to - brittle transition temperature  of vapor- deposited 
tungsten tubing. This mer i t s  further investigation, such a s  the evaluation 
of tubing made by the same technique but with various fluorine contents 
( see  Fig. 19). 

4. Extruded tungsten tubing has a very low fluorine content, but 
fluorine is  present. 
start ing mate rial. 

The source of this fluorine is probably the tungsten 

5 .  The lowest fluorine content of the vapor-deposited tubing (Tube 8) 
i s  comparable to that found in the extruded tubing made by powder 
metallurgy t e c hnique s . 

6. The grain growth of Tube 7, formed on the male mandrel,  
exhibited the least  change after heat treatments.  

7. Columnar s t ructures  which a r e  deposited in  a highly oriented 
manner wil l  exhibit l e s s  grain growth than those deposited in a l e s s  
oriented manner. When grain growth does occur, i t  i s  initiated in the 
fine grains f i r s t  deposited. 

8. Grain growth of vapor-deposited tubing i s  not pr imari ly  related 
to the chemical impurity content. 
impurity content but had vastly different s t ructures  af ter  heat treatment. 

Tubes 7 and 8 were comparable in 
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n 

9. 
heat treatment. 

Extensive grain growth took place in the extruded tubing during 

10. The ductile-to-brittle transition temperatures  of extruded 
tungsten tubing and of the best  vapor-deposited tubing a r e  comparable. 

11. No correlation was found between hardness  and any other variable, 
i. e. , impurity content, microstructure ,  o r  ductile-to-brittle transition 
temperature.  
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Appendix A 

LETTER O F  INVITATION 

The following is a copy of the le t ter  that was sent to the fourteen 
organizations invited to submit samples of tungsten tubing for this 
evaluation. 

"Gentlemen: 

"For the past  two years ,  a s  pa r t  of our program on thermionic energy 
conversion, we have been actively engaged in  the development of vapor- 
deposited tungsten technology. As par t  of this program, we a r e  initiating 
an evaluation of commercially available tungsten tubing and would like to 
invite you to submit a sample /or  samples of tubing made by you for inclu- 
sion in these tests.  

"The tes ts  to be performed are :  

1 .  Chemistry 
a) Gas content 
b) Carbon content 
c) Fluorine /o r  chlorine content 
d) Metallic impur itie s 

2. Microstructure 

3 .  Resistance to grain growth 
a) 10  hours  a t  18OOOC 
b) 1 0  hours  at  20OO0C 
c) 10 hours  a t  220OOC 
d) 1 hour at 250OoC 

4. Ductile-to-brittle transition temperature  by ring bending 
tests.  

"The resul ts  of a l l  t es t s  will be made available to you i f  you participate 
in this program, and will also be published a s  a report  under our NASA 
sponsored contractual research  programs.  

3 2  
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"The s ize  tubing we des i re  is nominally 3/8" 0. D. x 0. 0151' wall x 6" long. 
We have no objection to  you selecting your 'best '  mater ia l  for these tes ts  
since we don't believe anybody knows what constitutes the best  type of 
material with respect  to all of the above tests. You may also submit two 
specimens which may be 'best '  material  with respect  to different prop- 
e r t ies ,  i. e. , one best for impurity content and one best  for mechanical 
properties.  Due to the number of specimens involved in the study not 
m o r e  than two specimens will be accepted from any one source.  

" W e  would like to  have a l i s t  of the process  var iables  used in making your 
tubing ( see  enclosure l ) ,  [enclosure 1 was a form for tabulation of the 
process  variables] but being aware that proprietary information may be 
involved, this is NOT a requisite for submitting specimens for evaluation. 
However, we must  at  least know whether the fluoride, chloride, o r  some 
other process  was used since this will influence the analytical chemical 
procedures employed. 

"If necessary,  we will pay your normal commercial  price for the tubing 
you supply. 

"For  your information, a list of those being contacted is enclosed (see 
enclosure 2). 

"If you a r e  interested in  submitting specimens for inclusion in this program, 
please reply before May 7, 1964, and include the cost of the tubing and the 
time after receipt of order  required for delivery. 

Very t ruly yours,  

W. A. Shirley 
Buyer" 



Appendix B 

ANALYTICAL PROCEDURES USED FOR IMPURITY CONTENT 

The gaseous impurites N2, 0 2 ,  and H2 were determined by a vacuum- 
fusion analysis, the samples being dropped into a bath of i ron at 160OOC. 
The carbon content was determined by a combustion-conductometric 
technique. 
lanthanum- alizarin complexan, after a pyrohydrolytic separation. The 
metallic impurities were determined by means of an emission spectro-  
graph. 

The fluorine was determined spectrophotometrically using 

The chlorine was determined by neutron activation analysis.  

3 4  



* - -  

REPORT DIS!I!RIBUTION LIST FOR CONTRACT NASS-bl.6~ 

Aero j e t  General Nuclemics ( 1) 
Sen Ramon, California 
Attn: IC. Johnson 

Aerospace Corporation (1) 
E l  Segundo, California 
Attn: Librarian 

A i r  Force Cambridge Reaearch Center (1) 

L. G.Hanscom Field 
Bedford, Messachusetts 

A i r  Force Special Weapons Center ( I )  
Kirtland A i r  Force Base 
Albuquerque, Hew Mexico 
Attn: Maj. H. W. Baker 

(-PI 

Chief, Nuclear Power Division 

A i r  Force Systems Camnand (1) 
Aeronautical Systems Division 
F l ight  Accessories Laboratory 
Wright-Patterson AFB, Ohio 
Attn: ASRWP-2/E, A. E. Wallis 

Allison Division (1) 
General Motors Corporation 
Indianpolis 6, Indiana 
Attn: T. F. Nagey 

Argonne National Laboratory (1) 
9700 South Cess Avenue 
Argonne, I l l i n o i s  
Attn: Aaron J. Ulrich 

I. I. T. Research I n s t i t u t e  (1) 
10 West 35th Street 
Chicago, I l l i n o i s  60616 
Attn: D. W. Levinson 

Astropower,&corporeted (1) 
2121 Paularino Avenue 
Newport Beach, California 
Attn: Lou H. Mack 

Atomics Internat ional  (1) 
P. 0. Box 309 
Canoga Park, Callfornia 
Attn: Robert C.  Allen 

Atomics International ( 1 )  
P. 0. Box 309 
Csnogn Pork, California 
Attn: Charles K. smith 

Bet te l le  Memorial I n s t i t u t e  (1) 
505 King Avenue 
Columbus 1, Ohio 
Attn: David Dingee 

B a t t c u e  -r ia l  I n s t i t u t e  (1) 
505 Mng Avenue 
Columbus 1, Ohio 
Attn: Don Keller 

Brookhaven Nationel Laboratory (1 )  
Upton, Long Island, Hew York 
Attn: D r .  0. E. Dbiyer 

Bureau of Ships (1) 
Department of the Navy 
Washington 25, D. C. 
Attn: B. B. Rosenbaum 

United Aircraf t  (1) 
P r a t t  & Whitney Cenel F a c i l i t y  
Mlddletaun, Connecticut 
Attn: M. DeCrescente 

CANEL Project office (1) 
USABC 
P. 0. Box llO2 
Mlddletavn, Connecticut 
Attn: E. Pennington 

Consolidated Controls Corporation ( 1) 
W a n t  Avenue 
Bethel, Connecticut 
Attn: David Mende 

DOUga6 Aircraf t  C-njY (1) 
Mlssile and spece Engineering 
Nuclear Research (A!&-260) 
3000 Ocean Park 
a n t a  Monica, Californla 
Attn: A .  DelGrosso 

n e c t r o  Optical  Systems, Inc. (1 )  
300 Horth Halstead Avenue 
Pasadena, California 
Attn: A. Jensen 

Sperry Rand Corporation ( 1 )  
Ford InRtruwnt Division 
32-36 117th Avenue 
Long Island City, New York 
Attn: T. Ja rv is  

D E 1  



. 

DL-2 

General E lec t r i c  Company (1) 
Knolls Atomic Power Laboratory 
Schnectady, New York 
Attn:  R .  Ehrlich 

General E lec t r i c  Company (1) 
Power Tube Division 
One River Road 
Schnectady 5, New York 
Attn:  D. L. Schaefer 

General E lec t r i c  Company (1) 
Nuclear Mater ia ls  & Propulaion Operation 

Cincinnat i  15, Ohio 45215 
Attn:  J. W. Stephenson 

General E lec t r i c  Company (1) 
Specia l  Purpose Nuclear System 
Operations 
Va l l ec i to s  Atrnic Laboratory 
P. 0. Box 846 
Plea santon, Cal i fornia  
Attn:  B .  Voorhees 

P. 0. BOX 132 

General E lec t r i c  Company (1) 
Research Loboratory 
One River Road 
Schnectady, New York 

General Motors Corporation (1) 
Research Laboratories 
GM Technical Center 
12 Mile and Mound roads 
Warren, Michigan 
At tn :  F. E.Jamerson 

General Telephone & Elec t ronics  
Laboratories (1) 
208-20 Willfts Point  Boulevard 
Bayside 60, N e w  York 
Attn:  R .  S t e in i t z  

Hughes Aircraf t  (1) 
3101 Malibu Canyon Road 
Building 250 
Malibu, Cal i fornia  
Attn:  R. C. Knechtli 

I n s t i t u t e  for  Defense Analysis (1) 
Universa 1 Building 
1825 Connecticut Avenue, NW 
Washington 9 ,  D. C. 
At tn:  R. C. Hamilton 

In t e rna t iona l  Telephone b Telegraph 
Laborator ies  (1) 
3301 Wayne Trace 
For t  Wayne, Indiana 
At tn :  Donald K. Coles 

Je t  Propulsion Laboratory (1) 
Cal i forn ia  I n s t i t u t e  of Technology 
4800 Oak Grove Drive 
Pasadena, Cal i forn ia  
Attn:  Arvin Smith 

Jet  Propulsion Laboratory ( 1) 
Cal i forn ia  I n s t i t u t e  of Technology 
4800 Oak Grove Drive 
Pasadena, Cal i forn ia  
Attn: Pe te r  Rouklove 

h s  Alamos S c i e n t i f i c  Laboratory (2) 
P. 0. Box 1663 
Los Alamos, New Mexico 
Attn: G. M. Grover 

Marquardt Corporation (1) 
Astro Divis ion 
16555 Saticoy S t r e e t  
Van N u y s ,  Ca l i forn ia  
Attn:  A. N.  Thomas 

National  Aeronautics & Space 
Administration (1) 
Western Operations Office 
150 Pic0 Boulevard 
Santa Monica, Cal i forn ia  
Attn:  Fred Glaski  

Nat ional  Aeronautics & Space 
Administration (1) 
Manned Spacecraf t  Center 
Houston, Texas 
Attn : Librar ian  

Nat ional  Aeronautics & Space 
Administration (1) 
1512 H S t r e e t ,  N. W. 
Washington 25, D. C. . 
Attn:  Fred Schulamn 

National  Aeronautics & Space 
Administration (1) 
1512 H S t r e e t ,  N. W. 
Washington 25, D. C. 
Attn: James J. Qmch 

National  Aeronautics & Space 
Administration (1) 
1512 H S t r e e t ,  N. W. 
Washington 25, D. C. 
Attn: George Deutsch 

Nat ional  Aeronautics & ,Space 
Administration (1) 
1512 H S t r e e t ,  N. W. 
Washington 25, D. C. 
Attn: Walter Sco t t  



.- 

I 

. 

National Aeronautics & Space 
Administration (1) 
-is Research Center 
21000 Brookperk Road 
Cleveland , Ohio 44135 
Attn: Roland Breitwieser (m) 

Nat ioml  Aeronautics Q Space 
Administration (1 )  
Lewis Research Center 
2lOOO Brookpark Road 
Cleveland, Ohio 44135 
Attn: Robert Migra (BRD) 

National Aeronautics EL Space 
Administration (1 )  
Lewis Research Center 
2lOOO Broouark Roed 
Cleveland, Ohio 44135 
Attn: Bernard Wbarsky (SPSD) 

Rational Aeronautics & Space 
Adminstration (1) 
L e w i s  Research Center 
21000 Brookperk Road 
Cleveland, C%iio 44135 
Attn: James J. Ward (SPSD) 

National Aeronautics Q space 
Lewis Research Center (1) 
21000 Brookpark Road 
Cleveland, Ohio 44135 
Attn: B. B. Probst (laas) 

National Aeronautics lk Space 
Administration (1) 
Lewis Research Center 
21000 Brookpark Road 
Cleveland, Ohio 44135 
P.tt_n.: J. F. k@ndt (SPSD) 

Rational Aeronautics & spsce 
Administration (1 )  
L e w i s  Research Center 
21000 Brookpark Road 
Cleveland, Ohio 44135 
Attn: T. A. Moss (SPSD) 

National Aeronautics b Space 
Administration (1) 
k w i s  Research Center 
21000 Broolq>srk Road 
Cleveland, Ohio 44135 
Attn: R. Mather(-) 

National Aeronautics dc Space 
Administration (1) 
Marshall Space Fl ight  Center 
Huntsville, Alabama 
Attn : Librarian 

National Aeronautics (E Space 
Administrat ion 
Scient i f ic  k Technical Information 
Fa c ili t y 
Box 5700 
Bethesda 14, Maryland 
Attn: HAS4 Representative 

National Aeronautics & @ace 
Admini s t r a  t ion (4) 
Lewis Research Center 
21000 Brookperk Road 
Cleveland, Ohio 44135 
Attn: 

National Aeronautics & Space 
Administration (2) 
Western Operations Office 
150 Pic0 Blvd. 
a n t a  Mmice , California 
Attn: P. Borcherding, Library 

San Fernando Iaboratories (1) 
P. 0. Box 727 
Pscoima, California 
A t t n :  M r .  Robert A .  Holzl 

(2 t r epr 0 )  

J. W. R. Creagh (SPSD) 

Technical Director 

Argonne Ifational Laboratorr (1) 
9700 South Cass Avenue 
Argonne, I l l i n o i s  
A t t n :  J. Schumar 

0r.k Ridge National Laboratory (1) 
Oa!: Ridge, Tennessee 
Attn: Librnrian 

Office of Novel Resecrch (1) 
Pmer Brench 
Depertmcnt of the Navy 
Washington 25, D. C. 
Attn: 

P r a t t  & Whitney Aircraf t  Division (1) 
East .Hnrtford 8, Connecticut 
Attn : Willlam Iueckel 

Cdr. J. J. Connelly, Jr. 

Pr&tt & Whitney Aircraf t  Dlrlsion (1) 
Bst Hzrtford 8 ,  Connecticut 
Attn: R m  Cohen 

Ra3iation Effects  Information Center (1) 
Ba tt E llc Memoria 1 I n s  t i t u t  e 
505 nw .'venue 
Columbus 1, Ohio 
Attn: R. E. Bonnen 



DL-4 -. 

Radio Corporation of America (1) 
Electron Tube Division 
Martha 2nd Marshall Avenues 
Lancaster, Pennsylvania 
Attn: Fred Block 

f d i o  Corporation of America (1) 
Dcvid Snrnoff Research Center 
Princeton, New Jersey 
Attn: Karl G. Hernqviot 

The Rcnd Corporation (1) 
1700 M3in Street  
Sento. Monica, C a l i f  ornio 
A t t r , :  Libroricn 

Republic Aviation Corporation (1) 
Farninedale, Long Island, New York 
Attn: Alfred Schock 

Spece Technolow Uborotor ies  Inc . 
Onc- Space Perk 
Redondo Beech, Cal.ifornio 
A t t n  : Librorinn 

(1) 

Texas Instruments Incorporated (1 
13500 North Central Emre6eway 
Dallas 22, Texae 
Attn: R. A ,  Chapman 

Thompson Ramo Wooldridge, 
Incorporated (1) 
7209 P l a t t  Avenue 
Cleveland 4, Ohio 
Attn: W. J. Lewlc 

Union Carbide Corporation (1) 
Parma Research Center 
12900 Snow Road 

Attn : Librarian 
Pam, Ohio 

United Aircraft  Corporation ( 1  
Research Laboratories 
E a s t  Hartford, Connecticut 
Attn: R. Meyerand 

United Nuclear Corporation (1 
5 New Street  
White Plains, New York 
Attn: A 1  Strasser 

U, S. Army Signal FU~CD Laboratory (1) 
Fort  Monmouth, New Jersey 
Attn: Eln i l  K i t t i l  

U. S. Atomic Energy Connnisslon (1) 
Division of Reactor Development 
Washington 25, D. C. 
Attn: Auxiliary Power Branch 

U. S. Atomic Energy Camlession 
Division of Reactor Development 
Washington 25, D. C. 
Attn: Direct Conversion Branch 

U. S. Atomic Eaergy Comiseion (1) 
Division of Reactor Development 
Washington 25, D. C. 
Attn: Army Reactor Water Systems 
Branch 

(1) 

U. S. Atomic Energy Capmission (1) 
Division of Reactor Developement 
Washington 25, D. C. 
Attn: Iaotopic Branch 

U.S. Atomic Energy Commission (1) 
Division of Reactor Development 
Washington 25, D. C. 
At tn :  SNAP Reactors Branch 

Mr. Socrates Christopher (1) 
Fuels and Materials Development 
Branch 
AEC Headquarters 
Germa n t  own, Maryland 

U. S. Atomic Energy Cammission (1) 
Technicel Reports Library 
Washington 25, D. C. 
Attn: J. M. O'Leary 

U. S. Atomic Energy Commission (1) 
Department of Technical Information 
Extension 

Oak Ridge, Tennessee, 37831 

U. S. Atomic Energy Commission (1) 
San Francisco Operations Office 
2111 Bancroft Way 
Berkeley 4, Ca l l fornia  
Attn: Reactor Division 

U. S. Naval Research Laboratory (1) 
Washington 25, D. C. 
A t t n :  George Haas 

U.S. Naval Research Laboratory (1) 
Washington 25, D. C. 
Attn: Librarian 

P. 0. BDX 62 

P 

Defense Research Corporation (1) 
P. 0. Box 3587 
Santa Barbara, California.  
Attn: M r .  Harold W .  Lewis 

c 



Westinghouse Elec t r ic  Corporation (1) 
Aerospace Department 
Lima, mi0 
Attn: Harry Grey 

West inghouse Elec t r ic  Corporation (1) 
Research Laboratories 
Pittsburgh, Pennsylvania 
Attn: R. J. Zollweg 

Materiale Research Corporation (1) 
Route 303 
Orangeburg, 8cu Pork 10962 
Attn: Mr. V. E. Adlcr 

Monsento Research Corporation (1) 
Stat ion B, Box 37 
Dayton, Ohio 45407 
Attn: Wendell P. Bigony 

Argonne Rational Isboratory (1) 
9700 South Case Avenue 
Argonne, I l l i n o i s  60616 
Attn: J. Schumer 

Security Office 

Aracon Laboratories (1) 
Virginia Road 
Concord, Massachusetts 
Attn: S. Ruby 

Astro Met Associates, Incorporated (1) 
500 Glendale - Milford Road 
Cincinnati, Ohio 45215 

The Bendix Corporation (1) 
Red Bank Division 
Northwestern Highway 
Detroit 35, Michigan 
Attn: M. L. D r i n g  

Therm0 Electron Engineering (1) 
Corporation 
85 First Avenue 
Waltham 54, Messachusetts 
Attn: George Elatsopoulos 

Power Information Center (1) 
University of Pennsylvania 
Moore School WIildIng 
200 South 33rd Street 
Philadlephle 4, Pcnneylvanie 

Reports Control Office ( 1 )  
Lewis Research Center 
21000 Broolrpark R o a d  
Cleveland, Ohio 4.4135 

The Babcock I Wilcox ccmpany (1) 
1201 Kemper Stree t  
Wchburg, Virginia 
Attn: Frank R. Ward 

General Electric Compaw (1) 
Vallecitos Atcmic Uboretor ies  
Plea santon, Cellfornla 
Attn: Mr. J. C. Danlco 

. 


